Nutrient Cycling in Loblolly Pine Plantations 


C. G. Wetts and J. R. JORGENSEN 


THE CYCLING OF NUTRIENTS in the forest ecosystem is controlled by a series 
of interdependent processes. The cycle is usually pictured as a number of 
nutrient pools or components that occur in soil or branches and are connected 
by pathways (5). Nutrient quantity within the components and transfer rates 
between the components vary with soil, species, management practices, and 
ecosystems. Studies of nutrient cycling take a holistic approach, with the soil 
and plant considered as a system rather than individually. 

Loblolly pine (Pinus taeda L.) is the most important tree species in the 
southern United States in terms of pulpwood and timber production. Rates 
of nutrient cycling and the accumulation of nutrients within the naturally 
occurring loblolly pine forests are being altered as the demand for wood 
increases and intensive management develops. Genetic improvement, site 
preparation, weed control, fertilization, and complete tree harvest all alter 
the nutrient cycle. Studies of nutrient cycling in loblolly pine will help resolve 
problems associated with increased production, efficient use of fertilizer, soil 
productivity, and overall quality of the environment. 

In this report, nutrient cycling in loblolly pine plantations is quantitatively 
described on the basis of original data and reports in the literature, and the 
findings are considered in relation to management alternatives. 


Methods 


Nutrient cycling was studied over a 10-year period beginning in 1962 in five 
plantations of loblolly pine in the Piedmont of North and South Carolina. 
Data from the plantations were used to quantify (a) development of the soil 
including the forest floor, (b) nutrient uptake and accumulation by the trees 
and transfer within the trees, (c) return of nutrients to the soil by litterfall and 
throughfall, and (d) release of nutrients through decomposition. 
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Each of the plantations had been established the first year or two after the 
land was last cultivated for agronomic crops. Spacing was 1.5 by 2 m at the 
closest and 2 by 2 m at the widest. Survival was high, and development was 
representative of the old-field succession in which herbaceous plants occupy 
the site for seven or eight years before a complete pine canopy develops (3). 
By age 10, a forest canopy and a forest floor had developed, eliminating the 
herbaceous vegetation almost completely. 


Field 


In 1963 and 1964, two 0.059-ha plots were established in each of three 
plantations (Nos. 1, 2, and 3) in Duke Forest, North Carolina (Table 1). 
Litterfall was collected monthly from seven |-m? traps in each plot. In 1965 
and 1968 in plantation | and in 1965 and 1970 in plantations 2 and 3, 0.093- 
m? samples of the forest floor were collected at 40 random points in each plot, 
as were volumetric samples of mineral soil at 2.5-cm intervals to a 7.5-cm 
depth. In 1965, six soil cores extending from the surface into the B horizon 
were also collected from each plot with a San Dimas sampler in order to 
obtain volumetric samples. 

Four replicate plots were also established in plantation 4, part of a spacing 
study in Union County, South Carolina. In 1962 and 1972, mineral soil was 
sampled by compositing a minimum of 20 cores from the following layers in 
each of these plots: 0 to 7.5 cm, 7.5 to 15 cm, 15 cm to the B horizon, and 
within the B horizon. In 1968, soil samples were collected in the same way 
from the 0- to 7.5-em and 7.5- to 15-cm layers of each of these plots. 


In 1971 and 1972, soil water was sampled each month in plantation 5, the 
International Biological Program site near Durham, North Carolina. 
Moisture samples were extracted with access tubes at 60- and 120-cm depths. 


Throughfall and precipitation were sampled periodically from plantations 
1, 2, and 3 in 1969 by collecting water in plastic containers beneath the litter- 
trap screens. The samples were filtered to separate fine particles. Samples of 
precipitation and throughfall were collected after storms in plantation 5 in 
197? 

In plantations 1, 2, and 3, litter decomposition was studied by placing a 
series of l-m° fiberglass screens with 3.2 openings/em over the annual 
accumulation of forest floor each year. Each stack of screens was adjacent to 
one of the litterfall traps. After eight years, layers of the forest floor of known 
age were sampled by cutting sections through the screens. 

Total content of tree nutrients was determined in plantation | at age 16 by 
harvesting 16 trees and excavating roots from two trees. Biomass and 
nutrient content of the plantation were estimated by regression procedures 
(15). 


Table 1. Characteristics of the five plantations of loblolly pine and the type of data obtained from each. 


Plantation Date Period Soil type Date 
No. and location planted studied Data obtained” and classification thinned 
LC: 1953 1963-70 M, FF,L.T,R,H Creedmoor SI, 1968 (after 16 
aquic hapludults growing seasons) 
2,N.€, 1939 1963-70 M, FF,L,T,R Colfax SI, 1953, 1958, 1966 


aquic fragindults 


3, Nu, 1932 1963-72 M.FF,L,T,R Appling SI, 1948, 1952, 1957 
typic hapludults 

4S.C. 1957 1962-72 M Helena SI, No thinning 
aquic hapludults 

INC. 1958 1971-72 SW, T Appling Sl, No thinning 
typic hapludults 


a M= mineral soil, FF= forest floor, L = litterfall, T = precipitation throughfull, R = release through decomposition, H = harvest for nutrient content, and SW = soil water, 
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Laboratory 


Samples of the forest floor were separated into branch and needle 
components, dried, and ground. Loss on ignition was determined in a muffle 
furnace in order to estimate nutrient concentration of the forest floor on an 
ash-free basis and thus avoid extreme variations resulting from contamina- 
tion with mineral soil. Potassium, Ca, and Mg contents of the forest floor and 
tree samples were measured by atomic absorption after the samples were 
ashed in a muffle furnace and dissolved in 0.4N HCI with 0.2-percent La to 
counter interferences with Ca. Phosphorus was determined by the method 
involving the vanadomolybdophosphoric yellow color. Total N in plant 
material and mineral soil was determined by the macro-Kjeldahl method. 
Ammonium and NO,-N in soil water, precipitation, and throughfall were 
determined partly by the Kjeldahl method and partly by a Technicon 
Autoanalyzer;' the phenolate method was used for NH,-N and the 
sulfanilamide method was used for NO,-N after NO, had been reduced to 
NO, with a Cd-Cu column (6). 

Exchangeable K, Ca, and Mg were extracted from the mineral soil with 
1.0N NH,OAc at pH 7 and analyzed by atomic absorption. Phosphorus was 
extracted with 0.1N HCI and 0.03N NH,F (Bray No. 2) by shaking 5 g of soil 
with 50 ml of solution for 5 minutes followed by analysis as the molybdophos- 
phoric blue color. 


Results and Discussion 


Accumulation of Biomass and Nutrients in Trees 


Accumulation of nutrients and biomass in loblolly pine varies widely 
within an age group (Table 2). Total accumulation is the result of the 
interaction of the environment, management practices, and, to some extent, 
the genetic makeup of the tree. In Japan, high rates of accumulation of both 
biomass and nutrients have been reported, especially for young fertilized 
stands (1, 2). However, on better sites in the United States, similarly high 
values of biomass and nutrient content can be achieved. 

Rates of accumulation of total biomass and nutrients are greatest before 
the foliage and branches in a stand reach equilibrium (Table 3). The period of 
maximum accumulation appears to be somewhere between 10 and 15 years of 
age for rapidly growing trees in North Carolina. In two stands, one 16 years 
old and the other 12 years old, current rates of biomass accumulation were 
7.5 and 12.2 T/ha/year, whereas the average rates of biomass accumulation 


! Mention of trade names in this paper is Jor identification only and does noi consitute 
endorsement by the U.S. Department vf Agriculture 


Table 2, Net accumulation of biomass und nutrients in loblolly pine plantations 


Net accumulation 


Identilication and Age Height Stems Biomass N P K Cu Mg 
location (yr) Component (m) (No. /ha) CHR -o meen (kg/ha) MMM 
Plantation 1, N.C 
(present studs ) 16 Tops 15 2.200 155 257 31 165 187 46 
Roots o — 36 64 17 6l S3 22 
Nemeth (10) and 
Wheeler (18), N.C lI Tops 10.3 1.347 77 — — 56 138 29 
Roots — — l4 — -= 24 36 1 
12 Tops 11.6 1.347 91 — — 59 15% 33 
Roots — 16 — = 28 4l 13 
Smith er al. (11). 
Miss. 4 Tops 2/2 4.600 O 38 — — — — 
$ Tops 37 = 16 72 = o - - 
Switzer and 
Nelson (12), Miss. 10 Tops 13 2.125 28 85 10 49 33 10 
15 Tops 19 1,200 63 140 16 82 62 17 
20 Tops 23 1,000 174 19 99 9] 24 
Akai et al. (1) 
Japan 5 Tops 6.2 2,100 46 235 21 5] 100 44 
Akai eral, (2). 
Japan 34 Tops 21 700 197 422 142 238 445 75 


a Fertilized at upe 7 
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Table 3. Annual net accumulation of biomass and nutrients aboveground in loblolly pine plantations, 
a e e 


Rates of accumulation“ 


Age Biomass N P K Ca Me 
Identification and location (yr) GREA © ai KAVY] -aana 
Sg a eg 
Plantation 1, N.C. 1-16 9. 16 1.9 10.3 11.7 2.9 
(present study) 15 and 16 75 7 0.9 5.4 4.6 1.5 
Nemeth (10) and l-12 7.6 _ — 4.9 13.2 
Wheeler (18), N.C. 12 12,2 — — 3.1 20.0 19 
smith eral. (11), l-5 3.1 14 Ea — — — 
Miss. 5 9.4 34 — — — — 
Switzer and 1-10 2.8 8.5 1.0 49 k, 1.0 
Nelson (12), Miss. 1-15 4.2 9.3 1.0 5.5 4.1 fi 
1-20 4.5 8.7 1.0 5:0 4.6 L2 
Akai et al. (1), 1-7 6.6 33.6 3.0 4.3 14.3 6.3 
Japan 
Akai er al. (2), 1-34 5.6 12.4 4.2 7.0 13.1 2.2 
Japan 


I 
“For the tirst three plantations listed. the top row indicates the average rutes of accumulation of growth shown, Only the average rates of accumulation per year are shown for the other 
per year and the bottom row indicates the current accumulation as estimated for the year or veurs plantations listed in the table 
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through ages 16 and 12 were 9.7 and 7.6 T/ha/year. These data indicate that 
the older stand had passed peak production, but that the rate of biomass 
accumulation was still increasing in the younger stand. The older plantation 
probably reached maximum production at a younger age because tree 
spacing was closer in it than in the 12-year-old plantation. 


The maximum rate of nutrient accumulation is primarily limited by soil 
and the physiological characteristics of the trees. Maximum N accumulation 
for aboveground parts of trees appears to be around 34 kg/ha/year (Table 3). 
If an additional 20% is included for roots, the accumulation rate for N will be 
about 40 kg/ha/year. Accumulation rates for P, K, Ca, and Mg vary greatly 
on good sites, but they appear to decrease with a decrease in the rate of 
biomass accumulation. On less productive sites, the accumulation rates for 
these elements and N were relatively constant up to 20 years of age (12). 


The distribution of nutrients. and biomass within the component parts of 
trees changes with age and stand development (13). Harvesting systems 
therefore affect nutrient removal. In a typical 16-year-old plantation, the 
stems contained 45% of the N, 48% of the P, 54% of the K, 60% of the Ca, 
63% of the Mg, and 80% of the biomass in the aboveground components 
(Table 4). These portions of the total nutrients would be completely removed 
in a clearcut harvest of total stems. As the age of the stand increased beyond 
16 years, total stem harvest would remove a greater proportion of each 
element because the larger trees would have more stem biomass in proportion 
to branches and foliage. However, the annual rates of nutrient removal would 


Table 4. Distribution of biomass and nutrients by component in loblolly pine plantation | at age 


16. 

Biomass N P K Ca Mg 

Component GRRE) eee (kg/ha) ————————— 
Needles, current 4.8 55 6.3 32 8 4.8 
Needles, old 3.2 27 3.7 16 9 3.1 
Branches, living 14.6 34 4.5 24 28 6.1 
Branches, dead 8.6 26 15 4 30 3.0 
Stemwood 109.6 79 10.7 65 74 22.7 
Stembark 15.2 36 4.2 24 38 6.5 
Total, aboveground 156.0 257 30.9 165 187 46.2 
Roots 36.3 64 16.9 6l 52 21.9 
Total, all components 192.3 321 47.8 226 239 68.1 


Aboveground + roots 

>4cem 185 282 37 202 205 58 
Debarked pulpwood 

to 8-cm top 102 74 13 6l 69 21 
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decrease because stem growth and nutrient accumulation in the stems 
decrease as trees approach maturity. 

Nutrient removal can also be estimated for two alternatives to total stem 
harvest. Complete harvest of aboveground parts and large roots removes 
twice the annual accumulation of nutrients as does stem harvest alone, but 
produces only one-third more biomass, mostly of low quality. The most 
conservative harvest—removing only debarked pulpwood to an 8-cm top— 
results in only two-thirds as much nutrient removal as does total stem 
harvest, and it reduces yield by only one-fifth, because the bark and the small- 
diameter top of the stem remain on the site. 

The data suggest there may be an optimum size and method of harvesting 
to utilize the site nutrients. This optimum will depend on the ability of the site 
to provide nutrients as well as other growth amenities. The economic value of 
the nutrients removed from the site is dependent to some extent on the cutting 
practice employed, and this value must be considered in management plans. 
However, not only is the cost of nutrient replenishment a factor, but there is 
also the problem of supplying the elements in as useful and long-lasting a 
form as does the natural cycling process. 


Accumulation in the Forest Floor 


Nutrients and organic matter accumulate in the forest floor (O horizon) as 
the forest ecosystem develops. In plantation | at age 16, the quantities of N 
and P in the forest floor were approximately equal to those in the 
aboveground portion of the trees (Fig. |, Table 4). However, these trees 
contained twice as much Ca and Mg and five times as‘much K as did the 
forest floor. Switzer and Nelson (12), working in natural stands during their 
first 20 years of growth, found that N, P, and Mg accumulated at lower rates 
and Ca at a higher rate in the forest floor than in the trees. 

Data from plantations 1, 2, and 3 indicate that organic material in the 
forest floor approached an approximate equilibrium at 30 to 35 T/ha (ash- 
free basis) at about age 30 (Fig. 1). From ages 13 to 16, the accumulation rate 
was nearly 4 T/ha/year, which represented a large part of the litterfall. 

Accumulation of elements generally parallels that of organic matter except 
when thinning modifies the soil characteristics of the plantations. In 
plantation 2, which was thinned at age 28, N in the forest floor rose from 
slightly over 300 kg/ha at age 27 to over 400 kg/ha at age 32 (Fig. 1). The 
percentages of N in the forest floors of plantations | and 3, which were not 
thinned at this time, decreased or were stable during the same period. Low P 
and K in the forest floor of plantation 2 was related to the’ smaller quantities 
of these elements in its mineral soil. 

Nutrient content of forest floors in loblolly pine stands shows great 
variation which is possibly related to major climatic and soil variation. In 


NUTRIENT CYCLING 145 


Japan, the forest floor of a 34-year-old plantation contained 189 kg N/ha on 
the average (2), whereas that of plantation 3 in North Carolina con- 
tained 354 kg/ha at the same age (Fig. 1). The forest floor of a 15-year- 
old plantation in Mississippi (12) contained only about one-third as much N 
and P, half as much K, and two-thirds as much Ca and Mg as did that of 
plantation | in North Carolina at age 16. The forest floors of five 15-year-old 
plantations in Virginia (9) had slightly less N, P, K, and Mg but more Ca 
than that of the 16-year-old plantation in North Carolina. In the South 
Carolina Coastal Plain, a natural stand of mature loblolly pine with a 
hardwood understory had 350 kg of N/ha in the forest floor (14). These data 
indicate that 350 to 400 kg of N/ha is the maximum equilibrium value for the 
forest floors in loblolly pine plantations. Such values are harder to define for 
P, K, Ca, and Mg because of the greater variation in foliar content of these 
elements. 

Undoubtedly, numerous factors control the accumulation rate and the 
equilibrium of the forest floor. Because a large part of the nutrient supply is 
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Figure l. Accumulations of organic matter (ash-free litter), N, P, K, Ca, and Mg in the forest 
floor of plantations 1, 2, and 3 at various ages. 
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derived from the forest floor, an understanding of, and possibly a means to 
control, the processes of decomposition and nutrient release will lead to 
improvements in tree growth. 


Nutrient Dynamics in the Forest Floor 


Loss of organic matter and rates of change in the amount of nutrients were 
greatest during the first two years the litter was in the forest floor (Fig. 2). In 
plantation 3, which was 40 years old at the end of the sampling period and 
had not been thinned since age 25, litterfall over eight years was 49,172 
kg/ha, of which 58% was lost through decomposition. In all plantations, most 
of the decomposition occurred during the first two years after litterfall, with 
approximately 50% of the weight being lost. Thinning during the sampling 
period in plantations | and 2 sped the rate of decomposition, primarily of 
materials deposited after thinning. Materials deposited before thinning 
continued to decompose at a rate close to that of plantation 3. 


Concentration and amount of nutrients per hectare in the forest floor 
varied with the environmental conditions under which the forest floor had 
developed. Nitrogen concentration was twice as great in litter aged eight 
years as in newly fallen litter, regardless of whether the plantation was 
thinned (Fig. 3). The increase in concentration was due primarily to losses of 
carbon residues, rather than to increases in the quantity of N in the forest 
floor. Through seven years of aging, each annual layer of litter in unthinned 
plantation 3 retained a relatively consistent 70 to 80% of the total N which 
fell to the forest floor during that one year (Fig. 2). In plantations | and 2, the 
annual layers deposited after the thinnings retained less than 50% of the total 
N that fell. Because thinning had also caused proportionately increased 
carbon loss, concentration of N remained nearly the same in equally aged 
materials in the three plantations. Thinning had little or no influence on the 
proportion of N retained by the organic material which was deposited before 
thinning. 

Phosphorus dynamics were similar to those of N. Concentration of P in the 
residual forest floor of all plantations gradually increased from 0.05 to over 
0.10% as material aged from one to seven years (Fig. 3). 


Approximately four-fifths of the K was lost from the litter during its first 
year as part of the forest floor (Fig. 2). In both thinned and unthinned 
plantations, litter aged eight years retained only about 5% of the K in newly 
fallen litter. The concentration of K increased sharply from age 5 to 8. 


Magnesium was lost from litter nearly twice as fast as Ca (Fig. 2). In the 
first year of decomposition in unthinned plantation 3, one-third of the Ca and 
over half the Mg were lost. The losses continued until, after seven years, only 
one-fourth of the Ca and one-fifth of the Mg remained. In the thinned 
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FIGURE 2. Percentages of organic matter, N, P, K, Ca, and Mg remaining in annual 
accumulations of litter after it aged for various periods up to 8 years. (Litter aged 8 years was 
deposited during the first year of the 8-year period, litter aged 7 years was deposited during the 
second year, etc.) The arrows indicate when the plantations were thinned in relation to the period 


of aging. 
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plantations, a smaller proportion of Ca and Mg was initially retained, but 
this amount was stable or increased slightly with time. 


Mineral Soil 


The mineral soil is the source of a large portion of the elements 
accumulated by trees and the forest floor. Living and dead herbaceous 
vegetation on the site when the trees are planted is an additional source of 
elements. As the forest trees grow and occupy the site, the herbaceous 
vegetation is eliminated and the nutrients released are utilized by the new 
overstory. In dense plantations with good survival, such as the ones under 
investigation, herbaceous vegetation usually dies and the residue decomposes 
by age 10. According to Switzer and Nelson (12), the aboveground 
herbaceous vegetation at the time one plantation was established contained 
75 kg/ha of N, 7.8 kg/ha of P, 10 kg/ha of K, 23 kg/ha of Ca, and 8.2 kg/ha 
of Mg. These quantities decreased by about one-half after five years and to 
zero after 10 years. 

In plantation 4 of the present study, total N, extractable P, and 
exchangeable K, Ca, and Mg in at least two of the four layers of mineral soil 
decreased significantly (0.01 level) as the plantation increased in age from 5 
to 15 years (Fig. 4). Because of the sampling methods used, all of the N and 
part of the other elements in herbaceous roots were included in the analyses 
of mineral soil. Thus, the recorded decrease in nutrients was due partially to a 
decrease in herbaceous roots and incorporated organic matter. 

In plantation 4, N decreased in all horizons from ages 5 to 15 (Fig. 4). 
Calculations showed that, at age 5, the 60 cm of mineral soil contained 2,392 
kg/ha of N. Ten years later, the soil contained only 2,010 kg/ha. The greatest 
rate of decrease for N was in the 0- to 8-cm layer, where 133 kg/ha or 35% of 
the initial 390 kg/ha was lost over the 10-year period. However, the greatest 
total change on an area basis was in the 30- to 60-cm layer (B horizon), where 
the decrease was 144 kg/ha or 11% of the initial 1,344 kg/ha of N. The 
decrease in N in the 0- to 15-cm and 30- to 60-cm layers was significant at the 
0.01 level. In the 0- to 15-cm layer, the rate of N decrease was greater from 
ages 5 to 11 (23 kg/ha/year) than from ages 11 to 15 (16 kg/ha/year). The 
tower A, (15 to 30 cm) and the B horizon (30 to 60 cm) were sampled only at 
ages 5 and 15; therefore, only the total change during this 10-year period was 
recorded for these horizons. 

Although extractable rather than total quantities of elements other than N 
were measured, the changes over the years are indicative of the supply of 
elements in the soil. Available P was the only element not decreasing in all 
layers of mineral soil, primarily because of an equilibrium maintained by 
fertilizer applied when the land was in crop production. On the basis of 
content, the mineral soil decreased 15% in exchangeable K, 18% in 
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exchangeable Ca, and 29% in exchangeable Mg as the plantation aged from 5 
to 15 years. Decreases in the B horizon accounted for nearly 50% of the loss 
in K, 70% of the loss in Ca, and 80% of the loss in Mg. During the same 10- 
year period, pH decreased from 5.4 to 4.9 in the 0- to 8-cm layer, and there 
were smaller decreases in pH at lower depths. 

In plantations 1, 2, and 3, nutrient status of the 0- to 7.5-cm layer of 
mineral soil showed no significant changes with time, except for a decrease in 
Ca in the soil of plantation | (Table 5). The trees and forest floor of 
plantation | accumulated elements at a relatively high rate from ages 13 to 
16. The stability of the surface mineral soil of the plantations through age 39 
suggests that nutrients related to the increase in biomass during this period 
were obtained from the lower part of the profile and that the upper portion of 
the A horizon reached an equilibrium which was maintained by additions 
from the forest floor and withdrawals by roots. 

When mineral elements are being immobilized in the tree biomass and in 
the forest floor, continued adequate nutrition of trees depends on suitable soil 
fertility. Soil N in plantations 1, 2, and 3 from ages 13 through 35 was about 
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FIGURE 4. Total N, extractable P, and exchangeable K, Ca, and Mg in various layers of the 
mineral soil in plantation 4 at ages 5, 11, and 15. 
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1,500 kg/ha to the 60-cm depth, but the exchangeable forms of K, Ca, and 
Mg varied as much as fourfold and P was 14 times greater in plantation | 
than 2 (Table 6). Total content of P, K, Ca, and Mg would be much greater 
than the values for these elements in extractable or exchangeable form. The 
trees und forest floor in plantation | had accumulated 628 kg/ha of N, 78 
kg/ha of P, 254 kg/ha of K, 332 kg/ha of Ca, and 88 kg/ha of Mg in 16 years 
(Table 7), On the assumption that the mineral soil at planting time contained 
the sum of nutrients in the mineral soil 16 years later plus the nutrients in the 
trees and in the forest floor, the proportion of nutrients accumulated by the 


Table 5. Total N, extractable P, and exchangeable K, Ca, and Mg in the 0- to 7.5-cm layer of 
mineral soil in plantations |, 2, and 3 at various ages. 


Plantation Age N P K Ca Me 
No (yr) SS ee 7 NR 

| 13 237 2 19 92 12 

16 223 74 15 42 9 

2 27 301 6 10 22 4 

32 302 5 9 25 8 

3 34 206 27 15 27 5 

39 199 21 16 29 7 


Table 6. Total N, extractable P, und exchangeable K, Ca, und Mg in the mineral soil of the Ap, 
\2. Bl. and B? horizons of plantations |, 2, and 3 at the indicated age 


Depth N P K Ca Mg 

Horizon (em) Se (key hi). ee pH 
PLANTATION 1, AGL 14 

\p 0-16 434 163 52 210 23 5.4 

A2 16-44 734 192 90 690 92 5.4 

BI 44-60 372 2 150 1,146 159 5.0 

B2 60-70 212 4 112 753 140 4.8 

> 0-70 L782 371 404 2.799 424 — 
PLANIATION 2, Act 28 

Ap 0-10 422 8 10 37 8 4.4 

A2 10-20 250 4 6 15 2 4.8 

BI 20-32 247 4 11 50 24 4.6 

B2 32-60 661 9 80 316 84 4.2 

BS) 0-60 1,580 25 107 418 118 — 
PLANTATION 3. AGE 35 

Ap 0-12 429 60) 20 46 6 49 

\2 12-26 344 44 34 110 13 $2 

BI 26-36 208 b 44 286 35 4.8 

B2 36-60 $72 7 152 1,259 208 4.4 


= 0-60 1.423 117 250 1,701 262 = 
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trees and forest floor at age 16 was equivalent to 26% of the total N, 17% of 
the extractable P, and 39, 11, and 17% of the exchangeable K, Ca, and Mg in 
the ecosystem. The percentage of N is notably different from that of a 35- 
year-old stand of Douglas-fir, where only 15% of the N had accumulated in 
the forest floor and trees (4). 

The accumulation of elements in the vegetative components, and the 
decreases of similar quantities from the mineral soil, are assumed to be 
balancing processes. The annual rate of N accumulation in the trees and 
forest floor of plantation | by age 16 was estimated at 39 kg/ha/year; this 
value is in balance with the decrease in N at the rate of 38 kg/ha/year in the 
0- to 60-cm layer of mineral soil of plantation 4 between ages 5 and 15. This 
relatively high and sustained availability of N with a corresponding depletion 
of soil N is consistent with the hypothesis that the pine rhizosphere 
mineralized or otherwise extracted soil N that had been resistant to microbial 
action under the previous vegetation (7). 

A continuously active root system which maintains a low soil solution 
concentration and thus minimizes leaching would presumably allow an 
eflicient transfer of nutrients from the mineral soil to the vegetative 
components. A dilute soil solution would also be conducive to a transfer of 
fixed ions to the available state and to increased weathering of minerals. In 
plantation 5, soil solution extracted from the 1.2-m depth over a 2-year 
period contained an average of 0.35 ppm of N, 0.16 ppm of P, 0.78 ppm of K, 
0.63 ppm of Ca, and 0.44 ppm of Mg. On the assumption that 20 cm of soil 
water 1s lost annually below the root zone’, the annual loss of nutrients in 
ground water (in kg/ha/year) would be 0.70 for N, 0.03 for P, 1.56 for K, 
1.26 for Ca, and 0.88 for Mg. On Piedmont soils with a layer that restricts 
water movement through the profile, similar losses of nutrients probably 
occur because of lateral subsurface flow. 


Litterfall and Throughfall 


Litterfall varies from year to year but tends to increase as the canopy 
closes. Some of the variation is due to ice storms. In the present study, severe 
ice storms occurred in four of the nine years of litterfall collection. Broken 
branches added to the litterfall during the year a storm occured, but litterfull 
decreased during the year following a storm. 

The amount and nutrient content of litterfall, including branches, were 
related to basal area and age of the plantation (Table 8). Thinning also 
influenced litterfall, Plantation 3 was a productive site, yet, as long as 14 
years after it was thinned at age 25, the litterfall and the needle component in 
its littertall were still below that of plantation | for the 5 years before it was 


2 This is a reasonable assumption Jor the Southeast according to personal communication 
with T. E. Maki, School of Forest Resources, North Carolina State University at Raleigh. 


Table 7. Distribution of N, P, K. Ca, and Mg within the major components of plantation | at age 16. 


N P K Ca Me 

Accumu- Propor- Accumu- Propor- Accumu- Propor- Accumu- Propor- Accumu- Propor- 
lation tion lation tion lation tion lation tion lation tion 

Component (kg/ha) (% tot.) (kg/ha) (% tot.) (kg/ha) (% tot.) (kg/ha) (% tot.) (kg/ha) (% tot.) 
Trees 321 13.5 48 10.7 226 34.4 239 7.6 68 13.3 
Forest floor 307 12.9 30 6.7 28 4.2 93 3.0 20 3.9 
Mineral soil” 1,753 73.6 371 82.6 404 61.4 2.799 89.4 424 82.8 
Total 2,381 100.0 449 100.0 658 100.0 3,131 100.0 512 100.0 


* Total N, extractable P, and exchangeable K, Cu, and Mg to 70-cm depth of mineral soil 


Table 8. Annual rates of litterfall and of nutrients in litterfall and throughfall of loblolly pine plantations before and ufter thinning. 


Avg. 
Plantation No. Plantation age (yrs) basi Litter- 
and age when measurements area fall” N P K Cu Mg 
at latest thinning were made WI O ë SS (kâfi ya eS 
LITTERFALL 
1, 16 yrs 11-15 49.2 7,749 53.24 7.54 13.90 26.17 6.20 
16-17 22.2 3,374 25.84 3.59 7.00 10.44 3.14 
2, 27 yrs 24-27 33.8 5,129 33.68 3.56 9.15 16.60 4.07 
28-29 21.0 2,213 15.60 1.98 3.87 8.13 2.08 
3, 25 yrs 31-39 31.6 6,033 36.91 5.17 12.19 19.61 4.75 
THROUGHFALL 
1, IS yrs 16 22.2 - 4.61 0.37 4.06 4.14 1.15 
2, 27 yrs 30 21.0 — 4.44 0.36 3.54 4.28 1.42 
3, 25 yrs 37 31.6 — 3.71 0.34 6.56 5.61 1.83 
5, unthinned 14 — — 9.30 0.46 11.70 4.51 1.78 
Open area — — — 5.45 0.21 1.64 2.81 0.67 


ONITDAD LNIJIYLAN 


@ Ash-free basis 
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initially thinned at age 16. Similarly, in plantation 2, litterfall six years after 
the last thinning had not reached the level of plantation | before thinning. 

Needlefall in plantation 3 during the nine years of data collection averaged 
4,500 kg/ha/year, with a range from 3,100 to 5,700. During the same period, 
branchfall in that plantation averaged 786 kg/ha/year, with a range from 271 
to 1,428. In plantation | during the five years before it was thinned, needlefall 
averaged 6,134 kg/ha/year and branchfall averaged 823 kg/ha/yeur. Besides 
the needles and branches, pieces of bark and fine, unidentified material fell 
from the trees. The fine material that passed through the litter-trap screen 
during one year was collected, and litterfall data for all years were adjusted 
accordingly. This material amounted to approximately 5% of the litter weight, 
but contained 20% of the N, 12% of the P, 5% of the K, 3% of the Ca, and 
10% of the Mg. 


The nutrients in throughfall, although relatively small in proportion to 
annual requirements of forest trees, are important in the ecosystem. The 
amounts of N, P, Ca, and Mg in throughfall in plantation 5 were 
approximately double those in precipitation in an open area (Table 8). There 
was seven times the amount of K in throughfall as there was in precipitation. 
Except for K, there were only minor differences between the nutrients in 
throughfall of plantations 1, 2, and 3. A comparison of precipitation and 
throughfall in plantation 5 with throughfall in plantations |, 2, and 3 cannot 
be made because the two sets of data were collected in 1972 and 1969, 
respectively. Stemflow was calculated from data reported by Wells er al. (17) 
by adjusting elemental values according to stand basal area. Stemflow was 
calculated to be 9.5% of throughfall, and N, P, K, and Mg in stemflow were 
all less than 5% of throughfall. i 


Nutrient Transfer 


Transfer rates are the control systems for nutrient cycling processes. 
Interaction between transfer rates may cause the transfer rate in one process 
to regulate other processes and ultimately control production. Reliable 
estimates of transfer rates depend, in part, on good estimates of the standing 
crop and of the rate at which the various segments of the biomass turn over. 


The unexpectedly large rate of 9,000 kg/ha/year for mortality and 
replenishment of fine roots, as calculated by Harris et al. (8) for plantation 5, 
was used in our estimates of nutrient requirements of roots in a 16-year-old 
plantation (Table 9). The increment of nutrients in roots greater than | cm in 
diameter was calculated by substituting data for each element in the formula : 


Stem increment (kg) 
Root increment (kg) = i. x Totilccal (kg) 


Total stem (kg) 
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Nutrient requirements for the portions of branches initiated at ages 15 and 
16 were determined by sampling, but annual nutritional requirements for new 
growth on branches initiated earlier could not be estimated from the samples 
collected. The nutrient increment in the older branch material would be small 
in proportion to the total, probably less than the amount in l- and 2-year-old 
branch components (11). 

Approximately one-third of the N and one-half of the K requirements of 
new needles could be met by transfer from 2-year-old needles (Table 9). 
Transfer rate for P from 2-year-old needles was zero because P in litterfall 
was greater than P in |-year-old needles when the plantation was sampled ; 
however, transfer of P from needles at the time of senescence has been 
reported (12, 16). 


Table 9. Estimated transfer rates for N, P, K, Ca, and Mg in a plantation of loblolly pine at age 
16" 


N P K Ca Meg 
Component — —  — — —— — San (kg/a yn ommi 
REQUIREMENTS OF TREES 
New needles 55.0 6.3 31.9 8.1 4.8 
l-year-old needles 0 0 0 8.1 0 
Initiated branches 4.3 0.7 5.2 I7 0.7 
l-yeur-old branches 2:3 0.3 -0.6 2.5 0.4 
Stem 5.3 0.6 44 3.0 1.2 
Roots < | cm in diameter * 48.7 12.3 20.0 34.4 9.2 
Roots > | cm in diameter > 1.5 0.4 2.4 0.7 0.7 
Total requirements 117.1 20.6 64.5 58.5 17.0 
TRANSFER WITHIN TREES 
From 2-year-old needles 17.0 0 18.0 0 0 
TRANSFER TO FOREST FLOOR 
Litterfall 58.2 7.8 16.0 29.2 6.9 
Throughfall + stemflow 9.6 0.5 12.3 6.0 2.0 
Total to forest floor 67.8 8.3 28.3 35.2 8.9 
T RANSH R TO MINERAL SOL 
Forest floor to mineral soil 25.2 4.0 20.6 24.1 4.7 
Roots < | cm in diameter to soil 48.7 12.3 20.0 34.4 9.2 
Total to mineral soil 73.9 16.3 40.6 58.5 13.9 
ADDITIONAL TRANSELR 
Requirements in excess of transfer 
to mineral soil 26.2 4.3 4.7 0 3.1 
Soil depletion’ 38 0.34 48 35 10 
Loss in ground water 0.70 0.03 1.56 1.26 0.88 


*  bacept where indicated, all estimates are based on data from plantation | 
h Based on caleulations by Harns er ul. (8) for plantation 5 at age 15 
Based on data from plantation 4 at uges Sto 15 
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The total nutrient requirements for the 16-year-old plantation (in 
kg/ha/yr) were estimated to be 117 for N, 21 for P, 64 for K, 58 for 
Ca, and 17 for Mg (Table 9). These values are unusually large as a 
result of the large turnover rate of fine roots. Needles required the largest 
annual amounts of N and K ; however, root requirements exceeded those of 
needles for P, Ca, and Mg. Total requirements of the roots, which comprised 
approximately 20% of the tree biomass, were 42% of the N, 62% of the P, 
35% of the K, 60% of the Ca, and 58% of the Mg taken up annually. 


A comparison of the total nutritional requirements of the trees and the 
supply of nutrients available for transfer within the tree and from the forest 
floor by way of the mineral soil showed a deficit (in kg/ha/yr) of 
26.2 for N, 4.3 for P, 4.7 for K, and 3.1 for Mg. Calcium showed no 
deficit. These large deficiencies, a result of nutrient immobilization in the 
forest floor at this stage of plantation development, had to be met by 
depletion of the mineral soil. Estimations of decrease in soil nutrients for 
plantation 4 between the ages of 5 and 15 showed that the mineral soil had 
approximately balanced the deficit. In reality, the mineral soil was required 
to balance the deficit by this system of balances. 


As plantations mature, the rate of nutrient uptake decreases (13). This 
decrease is accompanied by, or is a result of, a reduction in litterfall and the 
decreased quantities of nutrients in litterfall, as can be seen by comparing the 
litterfall and its nutrient content in plantation 3 at ages 31 through 39 and in 
plantation | at ages 11 through 15 (Table 8). Similarly, a decrease in tree 
requirements is implied with advancing age, but the decrease may actually 
result from a decreased soil supply. In plantation 3, the nutrient content of 
the forest floor and mineral soil to a 7.5-cm depth stabilized with no major 
changes in the 5-year period between the ages of 34 and 39, thus indicating 
that nutrients available from the forest floor were approximately equal to 
nutrients in litterfall and throughfall (Fig. 1, Table 5). At this stage of stand 
development, increments in stem and root nutrients were approximately 
equal to the rate of depletion from or supply by the mineral soil. 


Without a tree harvest, nutrients added by precipitation approximately 
balance the loss of K and Mg in water passing through the |.2-m soil depth. 
Nitrogen, P, and Ca in precipitation more than balance losses of these 
elements from the ecosystem through ground water and subsurface lateral 
movement of water. 


The major effects of thinning are to accelerate the long-term tendency for a 
decrease in litterfall and to increase, at least temporarily, the cycling rate by 
increasing the release of the nutrients in litter deposited by and after thinning. 
With fewer trees on the area, this increase in nutrient release from the forest 
floor provides nutrients for increased growth (19). During the first two years 
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after plantations | and 2 were thinned, the concentrations of nutrients in 
litterfall increased approximately 10% ; the greatest increase was in P (19%) 
and the smallest was in Ca (2%). 

Thinning sped up the decomposition of litter that fell thereafter, but it had 
relatively little influence on litter that fell beforehand. The loss of organic 
material was accompanied by a reduction in the proportion of the elements 
normally retained by the litter before thinning. Some of the unretained 
elements were, as mentioned, taken up by the remaining trees and herbaceous 
plants. A portion of the nutrients released by thinning were lost from the 
system, primarily through subsurface drainage. Unfortunately, except for 
those nutrients in the litterfall, we made no measure of nutrient distribution 
in the components of the system after thinning. Knowledge of this distribu- ' 
tion is necessary before reliable predictions concerning the long-term effects 
of various cutting and management practices can be made. 

At certain times, the rate of cycling has an important control over tree 
nutrition. The mineral soil component, as expressed in soil fertility, is the 
direct control variable in plantation development until the forest floor 
approaches equilibrium in weight and nutrient content. Afterwards, biologi- 
cal cycling supplies a large portion of the elements available to the trees. 
Therefore, the original site factors—in certain cases, soil fertility—control 
the time required for the forest floor to accumulate and the size of the 
components in which the nutrient elements are held. Rate of transfer between 
components is largely a function of component size; however, a comprehen- 
sive model of the nutrient cycle is required to provide information about site 
variables and management alternatives. 
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